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Abstract Restoration and management of lake
ecosystems require an understanding of natural vari-
ability in primary productivity and the factors that
drive change. To understand long-term changes in,
and relationships amongst phosphorus species and
phytoplankton groups, a sediment core was retrieved
from Lake Okataina in the central North Island of New
Zealand. The core was dated to include a period of
approximately 700 years, from pre-human settlement
to its current state, close to natural reference condi-
tions. Pigments representing different planktonic
groups were measured vertically through the core at
1 cm intervals, as well as phosphorus fractions
associated with apatite and CaCO3, Fe and Mn (oxy)
hydroxides, Al (oxy) hydroxides and labile phospho-
rus. Highly significant correlations were established
amongst the algal groups and the phosphorus species.
Diatoms were strongly correlated with phosphorus
fractions associated with permanent burial, while
cyanobacteria and green algae were correlated with
potentially bioavailable phosphorus. Green algae,
cyanobacteria and cryptophytes co-dominated when
diatom populations were reduced, and vice versa.
Using multiple linear regression, phosphorus fractions
could be used to hindcast historical variations in the
composition of algal communities (as inferred from
pigments), with the exception of alloxanthin (repre-
sentative of cryptophytes). Our approach provides a
technique for a relatively rapid assessment of long-
term changes in the major phytoplankton groups in
lakes and may be used to infer natural variability in the
reference state as well as partitioning the extent of
alteration of phytoplankton community composition
between human and natural disturbances.
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Introduction
Phosphorus (P) has long been known as an important
nutrient and is integral to ecosystem structure and
productivity (Elser et al. 2007). It is the nutrient that
most commonly limits phytoplankton growth in lake
ecosystems and also influences the composition of
phytoplankton communities (Carpenter et al. 1998;
Schindler 2012). The relationship between total phos-
phorus (TP) and phytoplankton biomass measured as
chlorophyll a has been found to be either positively
linear (Jones and Bachmann 1976) or curvilinear
(Hoyer and Jones 1983) across a wide range of TP
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concentrations. This relationship is also a foundation in
paleolimnology for the use of diatom-inferred P as a
measure of historic productivity (Hall and Smol 1996;
Augustinus et al. 2012). While there is a wealth of
information on the relationship between phosphorus
and aquatic primary productivity, much less is known
about the relationship between terrestrial and aquatic P
pools and how they influence phytoplankton dynamics
in lakes. This distinction is important because manag-
ing lakes demands an understanding of within-lake and
whole-catchment nutrient dynamics. Furthermore,
while many studies have focused on how P from
anthropogenic sources affects lake ecosystems (Bouw-
man et al. 2013), the links between natural changes in
catchment P pools and variations in lake ecosystem
productivity have received much less attention.
Phosphorus enters lake ecosystems in either par-
ticulate or dissolved forms, with most dissolved P
directly bioavailable to algae (Carey and Rydin 2011).
While the bioavailability of particulate P in lakes has
received some attention, its implications for primary
productivity are still unclear (Bostro¨m et al. 1988;
Abell and Hamilton 2013). In the water column,
dissolved P becomes incorporated into particulate
material (e.g., by adsorption, biological assimilation)
and together with particulate P from in-lake and
catchment sources, settles out of the water column.
This particulate P is in inorganic and organic forms
(Psenner and Pucsko 1988; Søndergaard et al. 1996).
The inorganic P is sorbed by various chemical species,
yielding different properties and behavior (Hupfer
et al. 1995; Fytianos and Kotzakioti 2005). Under-
standing sedimentary P speciation is critical to
explaining the contribution of different P species to
lake primary productivity because a fraction of the P
can re-enter the water column. Processes that return P
to the water column include bioturbation (Ada´mek and
Marsˇa´lek 2013; Bajer and Sorensen 2015), resuspen-
sion (Horppila and Nurminen 2003; Burger et al.
2007) and diagenesis (Nurnberg 2009; Loh et al.
2013). However, changes in sedimentary P speciation
have not previously been related to long-term dynam-
ics of phytoplankton communities.
Several lake sediment studies have focused on the
role of internal loading of P to the water column
(Wilson et al. 2010; Homyak 2012) and the loss of P
through sedimentation and burial (Kopacek et al.
2005; Norton et al. 2008). They have provided
valuable information on P dynamics in the short to
medium term under varying water column and sedi-
ment porewater conditions (Kerr et al. 2011). However,
sediment composition and chemical fluxes vary over
multiple time scales in response to changes in temper-
ature, redox potential, and sedimentation rates (Burdige
2006). Sediments are also derived from terrestrial soils
(Kerr et al. 2011) and therefore the proportions of the
various species of P in lake sediments will depend on
the balance of P from both autochthonous and
allochthonous sources (Kerr et al. 2011). Because
different species of phytoplankton vary in their demand
for P, the speciation of P could in turn impact the
structure of algal communities in lakes. Photosynthetic
pigments in lake sediments can be used to provide
essential diagnostic information on changes in the
community structure of primary producers (Lizotte and
Priscu 1998; Waters et al. 2013). An array of algal
pigments has been used to provide knowledge of
changes in community composition (Tani et al. 2009;
Romero-Viana et al. 2010; Ohtsuki et al. 2015), with
insights gained from analysis of specific photosynthetic
pigments (Pinckney et al. 2001; Paerl et al. 2003).
Derivation of relationships between P species and algal
pigments over long time scalesmay help to better define
‘‘reference conditions’’ for phytoplankton communities
and improve predictions of changes in phytoplankton
diversity.
The aim of this study was to understand long-term
(ca. 700 year) changes in sediment P species using
sequential extraction, and examine relationships to
lake phytoplankton community composition derived
from sediment algal pigment analysis. We chose a
deep oligotrophic lake as a study site because it may be
considered as a proxy for a natural reference site, with
minimal anthropogenic influence. Specifically, we
used a dated sediment core to determine the dominant
P and phytoplankton species in the lake between AD
1314 (Kaharoa eruption) and AD 2009, and to infer




The study site was Lake Okataina (38070S;
176250E), one of the lakes in the Okataina Volcanic
caldera (OVC) in the central North Island of New
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Zealand (Fig. 1). Amongst New Zealand lakes,
Okataina may be considered close to a natural
reference state. The lake was initially an arm of the
nearby Lake Tarawera but was impounded about
7000 years ago as a result of a volcanic eruption. It is
311 m above mean sea level, has a surface area of
10.8 km2, a maximum depth of 80 m and a mean
depth of 39 m. Lake Okataina has no surface outlet but
drains underground toward Lake Tarawera. The lake is
fed by two small permanent streams, with stormflows
and groundwater contributing most of the direct inflow
to the lake (McColl 1972).
The catchment area of Lake Okataina is 62.9 km2
and is steep and prone to landslides and bank erosion
(McColl 1972). Surface soils in the catchment are
free-draining and mostly of recent volcanic origin,
dominated by allophanic material rich in Al and Si
(Parfitt 1990). Eighty-one percent of the catchment
area is native forest, 10 % is used for dry-stock
farming, 8 % is exotic pine (Pinus radiata) plantations
and the remaining 1 % includes roads, car parks and
buildings (Scholes and Bloxham 2007). Around 19 %
of the catchment area, including the area of dry-stock
farming, exotic forest and settlements, has at one time
been logged (Stafford 1967).
Lake Okataina currently has a trophic level index
(TLI) (Burns et al. 1999) of approximately 2.5,
indicative of oligotrophic status. It is continuously
thermally stratified about 9 months in each hydrolog-
ical year and vertically mixed between the austral
winter months of June and August. The chlorophyll
a concentration varies between 4 and 8 lg L-1 over
an annual cycle, with highest levels recorded during
the period of mixing in August (Jolly 1968). Although
records of dissolved oxygen prior to 1980 showed the
lake hypolimnion remained oxygenated throughout
stratification (Jolly 1968; Fish 1970; McColl 1972),
records over the past 10 years indicate anoxia of a
large proportion of the hypolimnion volume (Pearson
et al. 2010).
Fig. 1 Bathymetric map of Lake Okataina with depth contours mapped by colours and juxtaposed amongst other lakes of the Rotorua
region. The black dot is the sampling point
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Lake Okataina catchment has been affected by
disturbances of anthropogenic and natural origin
during the last millennium. Polynesians are thought
to have settled in and around the Okataina catchment
between the late 13th and early 14th century prior to
the Kaharoa eruption of AD 1314 ± 12 (Hogg et al.
2003). Early Polynesian settlers used fire to clear
forest while some logging took place in the late 19th
century mainly for the production of Ma¯ori canoes
(Stafford 1967). On 10 June 1886, Mt Tarawera
erupted and damaged large tracts of vegetation in the
catchment (Clarkson and Clarkson 1983). Europeans
first settled in and around the catchment in the early
20th century and introduced mammals into the forest
as well as rainbow trout (Oncorhynchus mykiss) to the
lake. Currently, there are known populations of the
dama wallaby (Macropus eugenii), wild boar (Sus
scrofa) and red deer (Cervus elaphus) in the catch-
ment, and the Australian brushtail possum (Trichosu-
rus vulpecula) is widespread. These populations have
opened up the forest canopy, exposing soils to
increased run-off (Allen et al. 1984; Bardgett et al.
1998; Wardle et al. 2001).
Core retrieval
A 48 cm sediment core was retrieved from Lake
Okataina using a Swedish gravity corer (Pylonex HTH
70 mm) with a 60 9 600 mm Plexiglas core barrel.
Two tephras were identified as white and grey colored
layers in the sediment core. The depth at which they
occurred in the cores was recorded (40 and 48 cm down
the core barrel respectively). The corewas extruded and
separated into 50 ml polypropylene centrifuge tubes at
1 cm vertical intervals. The extruded sediment samples
were transported on ice in a dark chamber to the
laboratory for subsequent analysis.
Core dating
The presence of two clearly identifiable and dated
tephra layers in the sediment core was useful for cross-
validation of the dates determined from 210Pb analysis.
The extracted tephra were identified based on (Hogg
et al. 2003; Lowe et al. 2013). Dried sediment samples
from each depth were also submitted to the Radiocar-
bon Unit (University of Waikato, New Zealand), for
the determination of 210Pb, 137Cs and 266Ra activity.
The 210Pb gamma-ray activity was counted under
46.52 keV emission for 43,200–259,200 s using a
Canberra germanium well detector (1 9 4 cm),
(Meriden, USA) with 22.5 % efficiency for 60Co.
The unsupported 210Pb activity was estimated by
subtracting the constant background 210Pb activity
from the total 210Pb. Ages of the samples were
calculated based on the constant rate of supply model
developed by Appleby and Oldfield (1978). Ages
older than *150 years were extrapolated assuming
that sedimentation rate was constant. Visual evidence
of tephra was confirmed from their mineralogy and
major element glass chemistry, as the Tarawera and
Kaharoa eruptions have previously been aged at AD
1886 and 1314 ± 12, respectively, using wiggle
matching and radiometric techniques (Lowe et al.
2013). Mass accumulation rates of the sediment were
then used to calculate the age of the sediment layers
between the Kaharoa and Tarawera tephra. Consider-
ing that the Kaharoa core has a ±12 year uncertainty
and 210Pb calibration of the modern sediments ±0.1
year, our earliest dating has an error of ±13 year.
Extraction and analyses of algal pigments
and phosphorus species
Algal pigments (Table 1), proxies of past variation in
the taxonomic composition of algal communities,
were extracted from core sediments. The pigments
were extracted on the same day the core was collected,
immediately upon its arrival at the laboratory. Extrac-
tion followed methods previously described by Leavitt
et al. (1989). 50 mg of wet sediment from each depth
was soaked in 6 ml of a solvent mixture of acetone,
methanol and deionized water (85:15:5) and allowed
to sit for 24 h in the dark. The supernatants were
centrifuged and syringe-filtered using a 0.22 lm
Table 1 Primary producer groups represented by specific
algal pigments
Algal group Pigment
Total algal abundance Chlorophyll a
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membrane (Sigma-Aldrich, St Louis, USA). Pigments
were separated and quantified using a Dionex Ultimate
3000 HPLC with a photo diode array detector and a
Sigma-Aldrich (St Louis, USA) C18 reverse column
(300A pore size, 5 lm particle size, 4.6 mm
ID 9 250 mm). The mobile phase gradients consisted
of a mixture of methanol and 0.5 M ammonium
acetate (80:20 v:v) as solvent A and a mixture of
methanol and acetone (70:30 v:v) as solvent B. A
combined gradient and isocratic elution technique was
used for the analytical separation. An injection volume
of 1 ll was used at an initial flow rate of 0.1 ml/min
and flow rate was increased from 0.1 ml/min until a
final flow rate of 1.5 ml/min was attained. Pigments
were identified using retention times of known
authentic standards (canthaxanthin, myxoxanthophyll,
alloxanthin, diatoxanthin, lutein and chlorophyll b and
a) (Sigma-Aldrich, St Louis, USA). Pigment concen-
trations were calculated by comparing spectral peaks
to the peaks of standards of known concentration, and
expressed as lg g-1 wet sediment.
Phosphorus species from each layer in the core
were determined by sequential extraction following a
modification of the method of Psenner and Pucsko
(1988). One gram aliquots of the wet sediment sample
from each depth were dispensed into 50 ml centrifuge
tubes and thereafter subjected to the following
sequential extraction procedure:
1. 1 M NH4Cl (pH 7 at 25 C) was added and the
mixture was left for 1 h and homogenized to
obtain loosely adsorbed, exchangeable and pore
water fractions of P.
2. 0.1 M of NaHCO3-buffered 0.1 M Na2S2O4 (bi-
carbonate-dithionite, BD) at 40 C was added and
the mixture was left for 30 min to extract
reducible fractions of P associated with (oxy)
hydroxides of Fe and Mn.
3. 0.1 M NaOH at 25 C was added and the mixture
was left for 16 h to release fractions associated
with Al (oxy) hydroxides as well as some organic
and biogenic P.
4. 0.5 M HCl at 25 C was added and the mixture
was left for 16 h to dissolve fractions associated
with apatite and CaCO3.
5. 1 M NaOH at 85 C was added and the mixture
was left for 24 h to solubilize residual material
and release recalcitrant fractions.
The 50 ml centrifuge tubes containing the sed-
iment and the extraction solution were capped and
shaken in a water bath at the required temperatures
for the period specified in each step. The tubes
were then centrifuged at *7000 rpm for 20 min,
the supernatant collected and the sediment rinsed
with the extraction solution, centrifuged and
decanted a second time. Concentrations of Al, Fe
and fractions associated with (oxy) hydroxides of
Fe and Mn, Al (oxy) hydroxides, apatite and
CaCO3, and refractory fractions were analyzed on
a Perkin-Elmer (Massachusetts, USA) SCIEX
ELAN DRC II inductively-coupled plasma mass
spectrometer (ICP-MS). The labile fractions were
also analyzed using ICP-MS while the fraction
associated with (oxy) hydroxides of Fe and Mn was
again measured using the molybdate-blue method to
determine the reactive component of P. The differ-
ence between the ICP-MS concentration and the
molybdate-blue method was taken to be the non-
reactive (organic P) component. Table 2 summa-
rizes the methods and the associated fractionation
steps used for P speciation.
Flux calculation
Concentrations of pigments and P species were
converted to fluxes using mass accumulation rates
(MAR) instead of sediment accumulation rates. While
sediment accumulation rate is an important tool in
characterizing changes to sediment loads and com-
paction of sediments, its use in paleolimnology is
complicated because the observed changes are a
consequence of compaction and/or diagenesis (Ste-
phens et al. 2012). The use of MAR is therefore
essential to remove concentration and early diagenesis
effects (Street-Perrott et al. 2007). Using the concen-
trations of the pigments and P species, we calculated
MAR (kg m-2 year-1) as:
MAR ¼ qdry  SAR
where qdry (kg m
-3) is the dry sediment density,
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where Dz is the total length of the sediment core (m),
and Dt is the total time span corresponding to the
length of the sediment core (y).
The fluxes of each P fraction were calculated as a
percentage of total extractable phosphorus (TEP).
Similarly, for pigments, concentrations were calcu-
lated as a percentage of chlorophyll a per year. Core
stratigraphies were constructed based on the percent-
age change in the P fractions and pigments.
Statistical techniques
Pearson moment correlation was used to determine the
relationship between the P species and phytoplankton
pigments. Nonmetric multidimensional scaling
(NMDS) with the vegan package (Oksanen et al.
2013) was used to project the distribution of P species
on the clustering of algal pigments.
To further determine whether phytoplankton
groups could be defined by multiple P species, we
employed generalized additive models (GAMs) in
time series mode (Zuur et al. 2007). Smoothed
functions were used in GAMs to describe both linear
and non-linear relationships between the predictor
variables (P species) and the response variables (algal
pigments). A stepwise approach was used and the most
parsimonious models were selected based on Akaike
information criterion (AIC) and fed into a generalized
linear model (GLM) to create predictive models.
GAMs were used in preference to other parametric
techniques to account for temporal autocorrelation of
model residuals, a characteristic of time series data
which leads to the violation of the independence
criteria on which regression modelling is based. All
statistical analysis was completed in R version 3.1.0
(R Development Core Team 2013) with GAMs done
using the mgcv package (Wood 2011).
Results
Phosphorus species in the sediment core
(AD1314–AD2009)
Phosphorus speciation in the sediments can be used to
delineate between refractory and bioavailable forms of
phosphorus. In the Okataina core, ca. 80 % of P
fractions can be considered refractory (i.e., Ca–P, Al–
P and Re–P), with the remaining 20 % in labile and
Fe–P fractions that are considered to be potentially
bioavailable. As a mean percentage obtained through
the 1 cm interval core profile, P bound to Al (oxy)
hydroxides was most abundant (39 % TEP), while the
labile component was the least abundant (2 %).
The P fractions varied through the sediment core
profile, however, corresponding to the dated periods of
1314 and 2009 AD (Fig. 2). Labile P constituted about
3 % of the TEP at the base of core (i.e., 1314), and
gradually declined to about 0.5 % of TEP by 1680.
Between 1680 and 1870, labile P increased from 0.5 to
2.8 %, decreased to about 1.4 % between 1870 and
1900, then increased rapidly from 1.4 to 3.8 %
between 1900 and 2009. Species bound to (oxy)
hydroxides of iron (Fe–P) ranged between 4 and 12 %
of TEP between 1314 and 1800 but increased to 18 %
of TEP by 1820, then decreased to 8 % of TEP by
1900. This was followed by a sharp increase to about
25 % by 1950 after which time the fraction remained
reasonably constant until 2009 (i.e., to the top of the
core). Aluminium-bound P was the dominant species
between 1314 and 1886, but was less prominent after
1886. It ranged between 25 and 55 % of TEP, but
decreased drastically from around 50 % in 1886
to\10 % by 2009. The Ca–P species oscillated
strongly between 30 % of TEP (1314) and 2.5 %
(1700) after which time levels were relatively
Table 2 Phosphorus
fractions recovered in the
different sequential
analytical steps and the
solvents used in their
recovery
Step Solvent P form
1 NH4Cl Labile P
2 Bicarbonate-dithionite (BD) at 40 C Redox sensitive P (Fe–P)
3 NaOH at 25 C Al bound P (Al–P)
4 HCl at 25 C Apatite bound P (Ca–P)
5 NaOH 85 C Organic refractory P (Re–P)
6 Molybdate blue TP—step 2 Organic P (Org–P)
7 Step 1–5 Total extractable P (TEP)
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Fig. 2 Relative change of the different P fractions as a
percentage of the total extractable P pool in the Lake Okataina
core between c. 1314 and 2009. Letters represent periods
associated with a increasing populations of the dama wallaby,
deer and the Australian brushtail possum commencing c. 1920,
b era of European settlement around c.1900, c post-Tarawera
eruption of 1886, and d post-Kaharoa eruption of c. 1314 and
subsequent Polynesian settlement
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stable and at the lower end of the range. However there
was a sharp increase to about 15 % by 1920. Refractory
organic P oscillated around 30 % of TEP between 1314
and 1886 then increased rapidly after 1886 to 60 % of
TEP by 2009. Thus Re–P was the dominant P species in
the most recently deposited sediments. The most
stable component of the P species through the core
was the organic fraction. It averaged about 8 % of TEP
through the core profile but there were spikes of up to
14 % around 1400, 1550, 1800 and 1900.
Phytoplankton community dynamics
in the sediment core (AD1314 – AD2009)
Changes in phytoplankton phenology of Lake Okataina
were inferred from variations in pigment composition
of the dated 1 cm slices (48) of the sediment core.
Diatoxanthin, representing diatoms, was the dominant
pigment, representing 59 % of chlorophyll a on aver-
age for the 48 core slices. It was strongly dominant
between 1314 and 1810 (up to 80 % of chlorophyll a),
decreased to about 10 % by 1810, increased to 40 %
between 1900 and 1932, and decreased again to about
10 % of chlorophyll a by 2009 (Fig. 3).
Canthaxanthin, representing attached cyanobacteria,
ranged between 0.9 and 15 % of chlorophyll a between
1320 and 1410, increased sharply to about 25 % by
1840, then decreased to 15 % soon after 1886 (coin-
ciding with the Tarawera eruption). It was highest in
most recently deposited sediment, at ca. 28 % of
chlorophyll a in 2009. Myxoxanthophyll, representing
colonial cyanobacteria, was relatively stable at about
0.9 % of chlorophyll a until 1890, then increased
rapidly to about 15 % by 1910. This was followed by a
sharp decrease to about 5 % by 1920 before increasing
again to be 10 % by 2009. Alloxanthin, representing
cryptophytes, varied between 1 and 2 % of chlorophyll
a during the entire period except between 1890 and
1932, when a major spike up to 20 % was observed.
The lutein pigment is confined to chlorophytes, and
can be expected to indicate chlorophyte presence
similar to chlorophyll b except that the latter pigment
also includes macrophytes. The lutein and chlorophyll
b pigments showed a similar pattern through the core
until about 1950. Based on lutein, chlorophytes
increased gradually from about 2 % of chlorophyll
a in 1314 to nearly 25 % between 1890 and 1920, with
levels remaining elevated (12–20 %) through to 2009.
Chlorophyll b constituted about 15 % of chlorophyll
a until about 1800, increased rapidly to 70 % by 1950
and remained somewhat elevated ([35 %) to 2009.
Relationship between P species dynamics
and phytoplankton phenology
NMDS was used to examine the clustering patterns of
the pigments and P species (Fig. 4), with Pearson
correlation used to examine the bivariate relationship
between them. There was a negative gradient between
diatoxanthin and the other algal pigments and a close
clustering of lutein and canthaxanthin, while myxox-
anthophyll and alloxanthin also showed some associ-
ation. Chlorophyll b and diatoxanthin clustered
separately from other pigments and P species. The
NMDS also showed that lutein and canthaxanthin
were associated with labile P and Re–P while allox-
anthin and myxoxanthophyll clustered with Fe–P and
Org–P. Diatoxanthin clustered with Al–P and chloro-
phyll b with Ca–P.
Pigments representing green algae and cyanobacte-
ria, tended to be highly positively correlated
(p\ 0.001), and potentially bioavailable P specieswere
strongly negatively correlated with refractory species
(Table 3). Relationships between P species and diatoms
(diatoxanthin) were contrary to those found between P
species and cyanobacteria, green algae and chlorophytes
and macrophytes. Cryptophytes (alloxanthin) did not
correlate with any P species apart from a weak positive
correlation with organic P species (r = 0.36, p\ 0.05).
Relationships amongst algal pigments
and phosphorus species
Correlations amongst the algal pigments in the sedi-
ment core are shown in Fig. 5. The pigment proxies
for cyanobacteria (i.e., canthaxanthin and myxoxan-
thophyll) were strongly positively correlated
(p\ 0.01) with those for chlorophytes (i.e., lutein
and chlorophyll b) but strongly negatively correlated
with proxies for diatoms and cryptophytes.
All the phosphorus species except Org–P were
correlated strongly amongst each other as shown in
Fig. 6. Potentially bioavailable P species (i.e., labile P
and Fe–P) were strongly positively correlated
(p\ 0.01) but each was strongly negatively correlated
(p\ 0.01) with species associated with permanent
burial (Al–P and Ca–P).
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General linear model
A GLM was used to predict phytoplankton dynamics
from phosphorus species. Each of the algal species
could be predicted to an acceptable level of signif-
icance (p\ 0.05) from various combinations of P
species. Labile P, Al–P and Ca–P were included as
independent variables in multiple regressions that
Fig. 3 Change of different algal pigments as a percentage of
chlorophyll a in the Lake Okataina core between c. 1314 and
2009. Letters represent periods associated with: a increasing
populations of the dama wallaby, deer and the Australian
brushtail possum commencing c. 1920, b era of European
settlement around c. 1900, c post-Tarawera eruption of 1886,
and d post-Kaharoa eruption of c. 1314 and subsequent
Polynesian settlement
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explained 71, 62 and 61 % of the variation in
canthaxanthin, diatoxanthin and lutein, respectively
(Table 4), while the relationship for Fe–P and allox-
anthin was not significant (p[ 0.05). For myxoxan-
thophyll an additional phosphorus variable of Re–P
was included in the multiple regression, while for
chlorophyll b, only labile P and Fe–P were included.
Discussion
In this study, changes in the phytoplankton phenology
were reconstructed for Lake Okataina, New Zealand,
in response to phosphorus speciation in lake sedi-
ments. Most phytoplankton groups delineated by
pigment analysis had a strong statistical relationship
to one or more of the P species analyzed. There was a
shift from a diatom dominated community to a
cyanobacteria and chlorophyte community (early
1900) which was related to a change from phosphorus
species associated with permanent burial (i.e., Ca–P
and Al–P) to potentially bioavailable species (labile P
and Fe–P). The focus of this discussion is on
phosphorus speciation in relation to catchment distur-
bance and the resultant impacts on the lake phyto-
plankton communities inferred from sediment
pigment analysis. We also discuss the application of
our methodology in derivation of reference conditions
for lakes in light of changes observed through the core
time sequence (of ca. 700 years), including the role of
changes in water levels, climate, invasive mammals
and natural disasters.
The time period encompassed by our sediment core
represents an era of pre-human settlement punctuated
by abrupt events such as volcanic eruptions and
earthquakes, which have been shown in other lakes to
contribute to natural variability over time scales of
10–1000 years (Leavitt et al. 2009; Anderson 2014).
Changes in P species in catchment soils could result
from either paedogenesis (Walker and Syers 1976),
anthropogenic factors (Kerr et al. 2011) or natural
disasters (Fritz and Anderson 2013), ultimately affect-
ing P loads and lakewater quality. In Europe, reference
conditions are benchmarked to pre 1850 when cultural
eutrophication was considered to have started as a
consequence of the agricultural revolution (Battarbee
2000; Bennion et al. 2011), although eutrophication in
some lakes was reported prior to 1850 (Guilizzoni and
Lami 2001).Variability in P species and phytoplankton
pigments in our core took place long before the
expansion of agriculture in New Zealand, which
occurred mostly after 1870 in the North Island, with
Fig. 4 NMDS of Bray–Curtis similarity matrix for alloxanthin
(Allo), myxoxanthophyll (myx), lutein (Lut), canthaxanthin
(Can) diatoxanthin (Dia) and chlorophyll b (Chlb) as a
percentage of chlorophyll a. Phosphorus species as a percentage
of (TEP) (blue) were projected as vectors on the ordinated
pigments. Open spheres represent the calendar years
Table 3 Pearson-moment correlation of phosphorus species (as a percentage of TEP) with algal pigment (as a percentage of
chlorophyll a) based on 1 cm slices (n = 48) of core retrieved from Lake Okataina
Canthaxanthin Myxoxanthophyll Alloxanthin Diatoxanthin Lutein Chlorophyll b
Labile–P 0.76*** 0.53*** 0.01 -0.72*** 0.59*** 0.67***
Fe–P 0.77*** 0.58*** 0.06 -0.77*** 0.67*** 0.73***
Al–P -0.64*** -0.62*** -0.06 0.61*** -0.57*** -0.54***
Ca–P -0.48** -0.39** -0.22 0.52*** -0.55*** -0.43**
Re–P 0.59*** 0.58*** 0.11 -0.58*** 0.61*** 0.49***
Org–P 0.14 0.28 0.36* -0.17 0.2 0.08
* p\ 0.05; ** p\ 0.01; *** p\ 0.001
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use of chemical fertilizers reported to have started in
the early 20th century (McLintock 1966). Therefore
the sustained increase in the proportion of labile P in
Lake Okataina sediments between 1800 and 1886,
following negligible variation between 1314 and 1800,
is not due to agricultural intensification although we
cannot rule out impacts from some small amount of
land clearance in the catchment for agricultural
production. More recent and sustained increases in
the proportion of labile P are of concern given the
relationship to increasing proportions of cyanobacteria
pigments in lake sediments. The cause of this recent
increase in labile P is not obvious from the catchment
disturbance history. Increasing numbers of free-rang-
ing deer populations in the catchment, first introduced
in the late 1800s, may, be a source of labile phosphorus
as deer are known to facilitate erosion by removing
forest understory and trampling soils (McDowell and
Paton 2004). In-lake changes in food web trophic
structure could also influence both phosphorus and
pigment deposition. For example, introduction of
exotic rainbow trout (O. mykiss), introduced into Lake
Okataina in 1906, have been reported elsewhere to
remove top herbivorous zooplankton and macroinver-
tebrates, resulting in a shift towards less efficient
grazers and enhanced nutrient cycling which together
promote higher algal productivity (Knapp et al. 2001;
Parker and Schindler 2006).
The higher proportions and considerable variability
of Ca–P between *1480 and 1700 is puzzling. A
Fig. 5 Correlation matrix of the six algal pigments. Coefficients of correlation and levels of significance are given in diagonal mirror
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component of the variability could be associated with
vegetation clearance by early Polynesian settlers who
used fire as a tool for land clearance (McGlone 1989).
Increases in the proportion of Ca–P in lake sediments
have been associated with land clearance (Filippelli
et al. 2010) and pools of Ca–P in catchments are
generally associated with weathering of apatite-bear-
ing rocks and are related to erosion and run-off
Fig. 6 Correlation matrix of the phosphorus species. Coefficients of correlation and levels of significance are given in diagonal mirror
Table 4 Multiple regression models to explain algal pigments from P species
Response variable Equation R2 p
Canthaxanthin 5.25 ? 254.79LA–P ? 33.57Fe–P - 11.30Al–P - 11.73Ca–P 0.71 \0.001
Myxoxanthophyll 71.53 ? 2.64LA–P - 67.88Fe–P - 73.71Al–P - 65.49Ca–P - 52.29Re–P 0.62 \0.001
Alloxanthin 9.72 - 93.20LA–P - 7.58Fe–P - 6.48Al–P - 13.15Ca–P 0.10 0.42
Diatoxanthin 58.21-684.53LA–P - 150.82Fe–P ? 53.28Al–P ? 70.48Ca–P 0.69 \0.001
Lutein 19.48 - 31.21LA–P ? 18.27Fe–P - 21.72Al–P - 30.79Ca–P 0.61 \0.001
Chlorophyll b -3.53 ? 529.04LA–P ? 121.58Fe–P 0.58 \0.001
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(Armengol and Vidal 1988; Filippelli et al. 2010). A
spike in the proportion of Ca–P was noted following
the Tarawera eruption of 1886 and Ca–P was also very
high in the bottom slices of the core, which is a period
following the Kaharoa eruption of AD 1314 ± 12.
There is evidence to suggest large-scale destruction of
catchment vegetation during the 1886 Tarawera
eruption (Clarkson and Clarkson 1983; McGlone
1989). Vegetation regeneration and canopy closure
following the eruption took about 27 years (Timmins
1983) but the intervening period might be expected to
yield higher erosion rates and therefore more Ca–P as
a fraction of TEP.
The marked increase in the Re–P component after
1886 may be attributable to the Tarawera eruption in
1886 and subsequent landslides. This pool is consid-
ered to be inert and associated with soils, terrestrial
plant parts and dust entering lakes via inflows, wind
and precipitation (Psenner and Pucsko 1988). The
destruction of catchment vegetation during the 1886
Tarawera eruption might have introduced large
amounts of Re–P-species into the lake. In 1906,
20 years after the Tarawera eruption, Re–P was about
40 % of the TEP pool. Similarly, the Re–P pool
represented about 40 % of TEP in 1334, some
20 years after the Kaharoa eruption. Eruptions result
in large additions to the sediment pool of terrestrial
plant materials which are high in Re–P. The propor-
tion of Re–P continued to increase almost for
100 years, however, following the Tarawera eruption
and despite the vegetation largely recovering after
27 years (Timmins 1983). Other natural changes may
be relevant to consideration of the recent sustained
increase in the proportion of Re–P. For example, water
levels, recorded since early 1920s rose by 10 m in
1931 and 3 m in 1962 and 1971 (McColl 1972). While
the cause of this periodic large fluctuations are not
known, they are reported to have occurred after
seismic activities were recorded in the catchment
(Morgan 2005). These increases resulted in extensive
destruction of riparian vegetation, which may have
contributed additional Re–P that ultimately deposited
to the lake sediments. Bank/shoreline erosion is also a
common feature on the shores of the lake, a conse-
quence of steep slopes, loose pumice soils and heavy
rainfall (Cooper and Thomsen 1988). Possums, deer
and wallabies, all introduced into the catchment of
Lake Okataina over the past 150 years, decrease plant
canopy cover, reduce the understory and in some cases
cause tree dieback (Bellingham and Allan 2003). They
may therefore reduce forest rainfall interception and
evapotranspiration, invariably leading to increased
run-off and erosion (Wardle et al. 2001), including
increased Re–P loads. The impacts of vegetation
clearance by invasive mammals on sediment erosion
in a catchment characterized by steep slopes, heavy
rainfall and wind storms (Hicks 1989) is likely to be
substantial.
Burrows (1979) has indicated that annual mean air
temperature from 1000 to 1900 AD has not varied by
more than 0.5 C in the Southern Hemisphere, which
suggests that climate is unlikely to have driven some
of the changes observed in the core prior to 1000 AD.
By contrast, Cook et al. (2002), however, reported a
1.5 C increase in air temperature in the last
200 years, immediately followed the little ice age in
New Zealand. Concomitantly there were increases in
canthaxanthin, lutein and chlorophyll b, and reduction
in diatoxanthin in Lake Okataina sediments from the
past 200 years, coincided with a period in the past
200 years when air temperature has increased. In
laboratory experiments, Lu¨rling et al. (2013) and
Schabhu¨ttl et al. (2013) showed that rapid increases in
temperature altered phytoplankton community com-
position, favoring proliferation of cyanobacteria and
green algae. They postulated that diatoms, which are
better adapted to cooler temperatures, may be out-
competed by cyanobacteria and chlorophytes at higher
temperatures. Field experiments in a series of lakes
spanning the whole of continental America have also
shown a positive relationship between temperature
and chlorophytes and cyanobacteria concentrations
(Beaulieu et al. 2013).
The period encompassed by the core and prior to
the Tarawera eruption was characterized by low to
moderate variability in the proportions of phytoplank-
ton pigments and phosphorus species, but abrupt
changes associated with the eruption and then more
sustained changes occurring following the eruption and
through to present. Some changes may be associated
with a period of warming following the Tarawera
eruption but invasive mammal introductions and their
proliferation appear to pose the most immediate threat
to the quality of lake water as they serve as potential
vectors for transferring easily erodible sediments to the
lake from the catchment and could potentially facilitate
landslides in this steep catchment. The effects of
catchment erosion and phosphorus inputs may
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potentially be acting synergistically with impacts from
trout on the trophic structure of the lake, increasing the
cycling of nutrients and inducing changes in P species
and phytoplankton pigments that are similar to low to
moderate levels of nutrient enrichment. This study
indicates that lakes are highly dynamic even under
apparently low to moderate levels of natural perturba-
tion, and that derivation of reference conditions should
therefore reflect an inherent variability to allow better
understanding of anthropogenic impacts.
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